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In this work two different solution based methods have been used for synthesis of
oxide-wires and homogeneous heterometallic oxides of transparent conducting
materials.
The first method used is an aqueous chemical growth (ACG) method for synthesis of
microrods and nanowires of zinc oxide and tin dioxide useful for detection of toxic
gases. No desired films have been obtained but some new interesting structures with
new surfaces at the a,b-plane, especially for zinc oxide where a jagged surface has
been observed. For low metal-concentrations of zinc, a band-like structure with 120 °
angles has been observed to grow along the a- and b-axis instead of the preferred
c-axis. The rod- and wire films have been characterized by SEM and XRD.
The other solution-based method used is an inorganic sol-gel type where a
heterometallic oxide of 80 mol% zinc and 20 mol% tin manufactured for CIGS solar
cells acts as an absorption layer. The alkoxide was prepared by first synthesizing a zinc
methoxy-ethoxide solution from diethylzinc and methoxy-ethanol and then mixing it
with tin tert-butoxide to get a heterometallic alkoxide solution. Films and powder
have been prepared either in humidified argon atmosphere or in air and characterized
by SEM, TGA and XRD. The XRD pattern just show the two expected phases of zinc
oxide and the heterometallic zin-tin oxide which improves the homogeneity of the
heterometallic oxide. But the TGA show that some carbonating species formed.
This method seems promising for large scale manufacturing of absorption layer to
CIGS solar cell for commercially use due to low-cost materials, low temperatures and
cheap equipment.
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Populärvetenskaplig sammanfattning
Energikonsumtionen ökar stadigt i världen på grund av en ökad levnadsstandard och en ökad
befolkning. Idag kommer den absolut största delen av energin från fossila bränslen som kol, olja och
gas vilket medför två problem (i) att stora mängder av växthusgasen koldioxid genereras och (ii) att
även om kolet räcker länge till så är oljan, som är det viktigaste bränslet för transporter, på
upphällningen. Med detta som bakgrund arbetar dagens forskare med att hitta nya sätt att utvinna och
lagra energi. Forskningen går ofta ut på att att omvandla solens strålar till användbar elektrisk energi,
bränsle eller värme. Detta kräver material som på ett kostnads- och energieffektivt sätt kan utvinna
och lagra energi.
I detta arbete ska dels ett absorptionslager för solenergi till solceller göras med en kostnadseffektiv
metod som senare ska kunna användas för storskalig produktion, och dels ska en trådstruktur av
oxidmaterial tänkt för absorption av giftiga gaser framställas.
För elalstrande solceller krävs två elektroder, en negativ och en positiv varav den ena måste vara
transparent så att solljuset kan komma in i cellen och avge sin energi. De bästa elektriska ledarna är
metaller som inte är transparenta för solljus och detta gäller även de flesta oxider med god
ledningsförmåga. En av de allra viktigaste komponenterna för att höja effektiviteten hos solceller är
just den transparenta ledaren.
De transparenta elektriskt ledande oxiderna som används i bland annat solceller kallas TCO,
transparent conducting oxide. Idag används huvudsakligen fem basmetalloxider och kombinationer av
dem; kadmiumoxid (CdO), tenndioxid (SnO2), zinkoxid (ZnO), indiumoxid (In2O3) och galliumoxid
(Ga2O3). Av dessa har tenndioxid och zinkoxid visat den bästa kombinationen av pris, optiska och
elektriska egenskaper.
Tenndioxid och zinkoxid har många användningsområden inom energilagring och energiomvandling
och är även mycket lämpade för detektering av giftiga gaser i form av gassensorer. I dessa
applikationer påverkas ledningsförmågan när gasmolekyler som sätter sig på ytan antingen donerar
eller accepterar elektroner från oxiden.
Eftersom oxider av tenn och zink har visat sig ha goda engenskaper för solceller och gassensorer har
jag i detta arbetet använt två olika lösningskemiska tekniker för framställning av materialen. Den
första metoden (i) är en vattenbaserad lösningskemisk metod för syntetisering av kristallina
nanostrukturer till gassensorer och den andra (ii) en lösningskemisk metod för framställning av
homogena ternära metalloxidmaterial till solseller. Dessa metoder har valts eftersom de är

kostnadseffektiva då utrustningen som används vid synteserna är billig och reaktionerna ofta kan ske
vid låga temperaturer och utan komplexa vakuumsystem.
(i) Den första delen av detta arbete innefattade metalloxidmaterial med en välkristalliserad nanotrådstruktur deponerade på ett ledande material. Sådana strukturer är speciellt lämpade för gassensorer då
elektronerna från den absorberande gasen på ytan snabbt kan transporteras till elektroden och
mätutrustningen. Elektrontransporten genom materialet blir snabbare för nanotrådar än för
motsvarande sträcka genom nanopartiklar eftersom det inte finns några korngränser i nanotrådarna.
Detta medför en snabb respons och hög känslighet. Välkristalliserde nanotrådar kan deponeras
effektivt ur vattenlösningar genom kontroll av pH, koncentration och jonstyrka. Med rätt valda
parametrar och oxidsystem kan olika typer av trådstrukturer fås att växa från nära nog vilket substrat
som helst.
(ii) Homogena föreningar mellan tenn, zink och syre är den andra delen av detta arbete som har
fokuserats på att med en lösningskemisk metod framställa ett amorft zinktennoxidmaterial. Detta
material är en transparent oxidledare med ett bandgap som är väl matchat för applikationer med CIGS
solceller. Bokstavsförkortningen står för begynnelsebokstäverna på engelska hos de element som de
består av: koppar, indium, gallium och selen. I dessa solceller är det tänkt att materialet skall släppa
igenom ljus och leda elektroner genererade av ljus i CIGS-materialet. Med en optimerad
sammansättning av 80 mol% zink och 20 mol% tenn har en hög effektivitet visats hos solceller med
filmer framställda med en speciell ytbeläggningsmetod som kallas ALD. I detta arbete har oxiden av
zink och tenn framställts med en lösningskemisk metod via metallorganiska föreningar som kallas
alkoxider och karakteriserats med bl.a. spektroskopi och elektronmikroskopi. Alkoxiderna är mycket
användbara för framställning av heterometalliska oxider i tunnfilms eller nano-partikelform.
Arbetet fortlöpte inte helt som planerat. Nanotrådarna var svårare att framställa i en ordnad och
homogen struktur över hela ytan. Detta ledde i sin tur att syftet med att belägga dessa med
nanopartiklar för att ytterligare öka ytaarean inte genomfördes. Fokuset på arbetet flyttades då till den
andra delen av arbetet, att framställa ett homogent tenärt oxidmaterial av zink och tenn. Detta arbete
visade sig att fungera bra men på grund av tidsbrist och ej optimal utrustning har inte repeterbarheten
och optimeringen av metoden undersökt i önskad grad. Men utifrån de analyser som gjorts visar
materialet ha egenskaper som är lovande för applikationer i solceller och med en metod som är
lämpad för uppskalning.
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1 Introduction
With the population growth in the developing countries and the improved living conditions worldwide a
rapid increase in the world energy demand is seen. Of the energy used today 81 % comes from fossil
fuels, 6 % from nuclear power and 13 % from renewable sources [1]. Although carbon will be around as a
possible energy source for yet some time, the environmental impact of the CO2 emissions causing global
warming, as well as the dwindling sources of the easily portable energy sources of oil and gas, create a
great challenge to find renewable energy sources that do not emit carbon dioxide.
Much of the work on energy-saving and new energy converters for renewable sources imply the
development of new oxide materials for electronic equipments and optical devices. Metal oxides are of
great interest due to their wide range of physical and chemical properties enabling them to be optimised in
complex structures by variation of their oxidation state, coordination geometry, symmetry, defect density,
stoichiometry and surface properties. The goal for the materials development is often to create new or
smaller devices. A low processing cost combined with a low temperature is also crucial for practical use,
not the least for the renewable energy converters such as solar cells which have to be prepared in large
scale at low cost and for the most at low temperatures.
1.1 Thin Transparent Conducting Oxides (TCO:s)
Transparent conducting oxide materials (TCO) have for a long time been used as transparent electrodes in
flatdisplays, light-emitting diodes, electrochromic windows and solar cells. In these applications, is it
necessary to have an excellent optical transmittance while at the same time excellent electrical
conductivity [2]. Most materials are either conducting but not transparent, such as metals, or transparent,
but not electrically conductive, such as glasses and most ceramics. A comparison between a TCO material
and copper will show that a TCO material has around 100 times lower conductivity than copper, but is
transparent [3]. A good TCO material is not absorbing light in the visible region, i.e. from 380 nm (3.26
eV) to 780 nm (1.59 eV), and the best TCO:s are not absorbing light in such wide range as from 350 to
1500 nm [3]. Hence, it is necessary that the material has a bandgap of over 3 eV to be transparent in
visible light, while normally a large bandgap corresponds to insulators. Thus is it necessary that the
material has a high mobility of the charge carriers and a high free electron concentration for good
electronic conductivity (~1021/cm3) [3].
There are five basic metal oxides CdO, SnO2, ZnO, In2O3 and Ga2O3 that show particularly good
properties for use in TCO applications; all of them are semiconducting when they are doped with various
elements [3-4]. Bi-metallic TCO materials using combinations of two of the five base oxides are currently
intensely studied.
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Thus, In2O3 doped with SnO2, SnO2 doped with Al2O3 and ZnO doped with F constitute the currently
most used for TCO:s for applications. CdO has the best electrical properties of them all, but has a too low
bandgap and is therefore not sufficiently transparent. Another big drawback is that CdO is very toxic.
Ga2O3 is on the other hand, not sufficiently conducting to be a TCO material alone, but is combined with
In2O3, to show useful properties. ZnO and SnO2 have similar bandgaps and charge carrier mobilities as
CdO, but better transparency, while CdO has the best conductivity [2].
1.2 Highly crystalline TCO materials – Gas sensors and Batteries
Sensors and batteries are devices where large surface areas with well crystallized and parallel structures
are desirable besides a high electric conductivity. In some applications miniaturization is also of high
interest. Nanowires combine a high surface area with electrical conductivity through the single crystal. In
sensor applications they also provide well controlled and uniform surfaces for gas molecules to bind,
resulting in a uniform, coherent response over the material.
When having a film of nanowires, a massive parallelism of sensors that work together all having the same
specific chemical properties is achieved. The nanowires surfaces are adsorbing gases and oxidizing or
reducing them. With a small wire diameter an electron exchange between the surface and the bulk of the
wire will occur as depicted in Figure 1. In air, the nanowires are not conducting, but when the nanowires
are exposed to combustible (reducing) gases, they are transferred into a conductor due to the adsorption of
the gases and result in a change in electron composition. The electron exchange will be optimized if the
diameter of the wire is of the order of Debye length, equal to the distance where charge separation can
occur, or smaller to increase the rate of electron compositions [5].

Figure 1: Function of gas sensing mechanism in nanowires. To the left: the non-conducting state with a complete
depletion area, and to the right: the conducting channel emerging due to the oxidation of the surface [5].
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In batteries, a highly ordered large surface area is good for creating a large storage capacity. Having
nanowireanodes and the cathode around them in close vicinity results in a short distance for ion transport
and fast electron transport which yields higher energy and power densities. The energy storage capacity is
increased proportionally to electrode area, so moving from two dimensions to three dimensions increases
the surface and also the energy storage volume in the battery [6].
1.3 High homogeneity TCO materials - Solar cells
One of the most common and interesting applications for TCO materials is in the solar cell field as
transparent contacts. Both in the cadmium-telluride (CdTe) and the copper-indium-gallium-selenide
(CIGS) solar cells, binary TCO materials of the Zn-Sn-O system have shown high conversion efficiencies
[7-8].
The CdTe and CIGS solar cells are both constructed from a number of different materials with different
properties. The CdTe and CIGS cells are built-up as shown in Figure 2. In the CIGS cell, the TCO
material is deposited in the last step and requires a low deposition temperature, preferably below 200 °C,
to avoid degrading of the CIGS/CdS interface. In the CdTe cell, the TCO material is deposited first,
which makes it possible to use higher deposition temperatures [3].

Figure 2: The multi-layer build-up of two different types of photovoltaic cells; to the left the CdTe solar cell and to the
right the CIGS solar cell.

In order to deposit a highly homogeneous film layer of a TCO material on a CIGS cell there are some
problems to overcome. Most deposition techniques that are economically useful for large scale
manufacturing require relatively high deposition temperatures [3]. Sputtering is the most common
deposition method for high quality films and is often used industrially. However, it requires elaborate
vacuum chambers and is sometime difficult to use industrially for complex composition materials. A
3

drawback with the present system is that sputtering techniques seem to deteriorate the CIGS material.
Most other PVD methods used are good for the prototyping of new materials, but not for large scale
production due to the high costs and low throughput. The same applies to most chemical vapor deposition
(CVD) methods, although they are sometimes suitable for large scale manufacture, but have not been very
successful for Zn-Sn-O system. They require relatively high temperatures, and highly pure and phase
controlled films are difficult to achieve when low temperatures and oxygen levels required by CIGS film
are used. A CVD method proven to produce high quality films at low temperature for a large number of
oxide systems is atomic layer deposition (ALD). The ALD process utilizes molecules that are adsorbed
and reacted at the substrate surface, layer by layer, and allows for a very good mixing of the metals of two
component oxides by switching the molecular source between consecutive layers [7].
The Zn-Sn-O system is the basis for the TCO material which has shown the best properties for CIGS
solar cells, with the best properties found for its amorphous form. Although ALD has shown good results
for this system, it is not the best suited technique for high-rate deposition on large surfaces required for
practical application, which led to the present investigation of advanced sol-gel processing: a highly
suitable technique for large scale deposition.
1.4 Aim and study
The previous study with the ALD method demonstrates that an oxide material consisting of zinc and tin in
the ratio 4:1 shows good effects for the CIGS solar cells. But ALD is not a scaling up process due to the
high costs and no possibility for deposition on large surfaces. So the problem to solve in this work, is to
find a cheap scaling up method which can produce the amorphous conducting oxide layer consisting of
zinc and tin in the ratio 4:1 for use in the CIGS solar cells.
To find new large scale manufacturing methods for commercial use, it is always necessary that the
method first is developed in laboratory scale to find the optimization in parameters and material
composition. For the laboratory work, a lot of different methods, such as different PVD and CVD
processes described in section 1.3, can be useful. All of those have a high costs and low throughput which
only allow them for laboratory work. CVD methods can be useful for large scale manufacturing, but most
of these methods need high temperatures to produce high quality films, which will destroy the CIGS layer
in the solar cell.
A method that has a low costs and is possible to upscale, is a solution based method where highly
homogeneous amorphous oxide/hydroxide thin film can be produced at low temperatures and with lowcost start materials. These properties make it attractive for scaling up for commercial use. So in this work
will the solution based method be used to manufacture the homogeneous amorphous zinc-tin oxide thin
4

film from an alkoxide solution. TGA, SEM and XRD will be used for characterization of the material
obtained. The TGA will tell how the material converts during heat-treatment, the XRD will tell if the
material consists of the right phases and the SEM will show if the surface looks smooth and dense.
Another part of this work is the aim of manufacturing nanowires of tin dioxide (SnO2) and zinc oxide
(ZnO) and depositing Zn-Sn-O particles on the nanowires. The nanowires have a well crystallized
structure with high surface area, and coated with nanoparticles the surface area will increase even more.
Detection of toxic gases can then be done much faster and at lower doses. The gas will have a large area
to be adsorbed on, and due to the single crystal structure of the nanowire, the electrons can easily and fast
be transported through the nanowire. The synthesis of nanowires will follow Lionel Vayssieres work in
the form of an aqua chemical growth method. The deposition of nanoparticles in a homogeneous way is
easiest done by spin-coating. Other deposition methods which can be used are for example dip-, flow- and
spray coating, to mention some. SEM will be used before and after deposition of nanoparticles to control
that the structure of the nanowires is obtained over the entire surface, and also to see that the
nanoparticles are deposited homogeneously and close-fittingly around the nanowire structure.
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2 Theory of solution processes
There are many different methods to manufacture oxide materials. Most of them require high
temperatures and are expensive and difficult to scale up to large scale fabrication. The solution based
methods require mostly inexpensive equipment and often only low temperatures are required. Aqueous
chemical growth (ACG) is a solution-based method for fabrication of highly crystalline nanowire films,
while alkoxide-based solution methods are useful for fabrication of highly homogeneous heterometallic
oxides at low temperatures. Before we look closer to the solution based methods will a short introduction
to the structures of zinc and tin and for the Zn-Sn-O system be presented.

2.1 Structures in metal oxides
2.1.1 Zinc oxide (ZnO)
Zinc oxide, ZnO is an inexpensive material and is relatively abundant. It has high chemical and thermal
stability, is non-toxic and is easy to prepare and therefore it is one of the most studied materials. ZnO has
many useful properties such as high carrier mobility and transparency as well as a wide bandgap of 3.37
eV. ZnO occurs in nature as the mineral zincite and has the ionic and polar crystal structure of wurtzite.
This structure is related to a hexagonal close packed (HCP) structure with zinc atoms and oxygen atoms
tetrahedrally four-coordinated, see Figure 3 [9].

Figure 3: The atomic structures for wurtzit to the left and rutile to the right [10].

2.1.2 Tin dioxide (SnO2)
Tin dioxide, SnO2 is also very chemically and thermally stable and is a lowcost material with a low
toxicity. It occurs in nature as the mineral cassiterite with the thermodynamically stable form crystallizing
in rutile type structure, see Figure 3. Each unit cell contains two tin atoms and four oxygen atoms. The tin
atoms are six-coordinated by oxygens while the oxygen atoms are three-coordinated to tin atoms.
6

Together with ZnO, SnO2 is a useful component in many oxide materials for energy conversion, energy
storage and sensors. SnO2 has some important properties such as a wide bandgap 3.6 eV, and is a
transparent insulator. When it is doped with antimony or fluorine it receives semiconducting properties
[11].
2.1.3 The cubic spinel structure of zinc-tin-oxide
Oxides in the Zn-Sn-O system are of great interest due to the unique combination of high electron
mobility and electrical conductivity and good optical properties. Comparison with the simpler binary
oxides shows that Zn2SnO4 is more chemically stable [12]. One very interesting possibility for the
Zn2SnO4 is the application in CIGS photovoltaic cells, where it works as an electrode but also as an
amorphous buffer layer and inter-diffuse with cadmium sulfide to improve the thin cadmium sulfide layer
making thinner solar cells possible [7]. It has been found that ALD-derived Zn2SnO4 is amorphous under
575 °C, and polycrystalline above [8]. The crystal structure is a cubic spinel structure with the zinc atoms
in octahedral sites and tin atoms in tetrahedral sites of a formally close-packed oxygen structure as shown
in Figure 4 [12].

Figure 4: The crystal structure of Zn2SnO4 [12].

2.1.4 Surface chemistry of SnO2 and ZnO
Looking at the surfaces of the rutile type SnO2 structure in Figure 5, is it clear that the most
thermodynamically stable bulk-termination obtained for the (110) surface where half of the surface Snions have fivefold and the other half six-fold coordination with oxygen. This will result in a net dipole
moment of zero and therefore an overall non-polar surface [13]. On the other hand, the (001) surface
shows the highest electron density due to the fact that each metal atom is surrounded by six oxygen atoms
at the edges of an octahedron. Every octahedron shares two edges with another octahedron to form linear
7

chains. These linear chains are ordered parallel to the c-axis [001] direction. A high electron density, and
high surface energy indicate a high surface reactivity which leads to easier reaction/adsorption at the
(001) surface. The surface energies are ordered in the following way: (110) < (100) < (101) << (001) [10].

Figure 5: The low index surfaces for SnO2 shown with ball-and-stick models, a) the rutile unit cell b), c) and d) the bulk
termination of the low index surface in the paper plane [10].

The same reasoning as for SnO2 can be made for ZnO. ZnO has the thermodynamically stable wurzit
structure which has a hexagonal shape. The high reactiv surface are along the [001]-direction, the c-axis.
) and (
) [9].
The non-polar low index planes for ZnO are the (010), (

2.2 Aqueous chemical growth method for manufacturing of highly crystalline
nanowires
Aqueous chemical growth (ACG) is a novel and low cost bottom-up method that can be used to fabricate
nano- and microparticles, wires and films. No templates, surfactants or external forces are needed and
neither advanced equipments for thermal treatment nor crystalline growth directing substrates [14].
The ACG method uses mild temperatures, simple salt precursors, simple closed bottles and non-toxic
fluids or water are used as solvent. This makes it ideal for “green” manufacturing and scaling up of
processes [14].
A control of the interfacial tension of the formed oxide particles via the thermodynamic stability gives
uniformly sized particles. This is achieved by precipitation from solution by changing the concentrations
of precursors, pH, ionic strength, temperature and heating time.
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Dimension, morphology, orientation, and structure are dependent on the thermodynamic stability of the
solution since the interfacial tension determines how the material will develop. Separation of the
nucleation, growth and aging leads to mono-dispersity of the nanoparticles; by making the solution
precipitate far from the point of zero charge (PZC) of the metal oxide, the nucleation step is separated
from the growing step.
PZC is the point where the surface of the material has the same charge density as the solution, or in other
words, the pH in the solution is the same as the surface pH.
Increase of the pH relative to the precipitated particles PZC results in an increasing surface charge density
through adsorption of hydroxyl ions. By a control of the chemical specific adsorption of ions (or ligands)
and the crystal-field stabilization, materials can be driven to grow along a specific crystallographic
direction. For nanoparticles the most preferable shape is a sphere because it has the lowest volume- to
surface-ratio. But for a low interfacial tension it is not sure that a spherical shape is formed, but the shape
of the nanoparticle might rather depend on the symmetry of the crystal structure and chemical
surroundings, and thus a lot of different morphologies might be formed. At super-saturation the germ size
is small and the nucleation rate high and the interfacial tension is low for the system, according to the
kinetics of nucleation for a solid. The low interfacial tension results in stabilization of oxide and oxohydroxide metastable crystal structures. Transformation between the phases occurs through dissolution
and recrystallization processes following the minimizing requirement of the surface energy of the system;
when the interfacial tension is lower between two solids than between a solid and the solution, the
nucleation is easier at the substrate than in the solution. With control of the chemical composition for
precipitation experimentally, the growth of heterogeneous nucleation with different morphologies and
ordered orientation is regulated [14].
Many metal oxide structures have crystal faces with different energies depending on the oxygen structure
at the surface. A polar oxygen plane will be the face in which direction the nanowires and nanorods
growth will occur and the low-symmetry faces will be perpendicular to the polar plane and are including
the non-polar plane, as discussed in section 2.1.4 for SnO2. Figure 6 shows the different planes for ZnO
and SnO2 with the polar plane along the 001 direction, their c-axes [15].
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Figure 6: The structures of; ZnO nanowires (left) and SnO2 nanowires (right).

2.3 Sol-Gel routes to metallic oxides
The sol-gel process is an efficient way of producing highly homogeneous, pure heterometallic oxides with
a well-controlled specific composition. Sol-gel processes start with a precursors in solution. The precursor
can be a salt in solution, but usually a reactive metal-organic compound such as alkoxide is firstly
dissolved in a water-free organic solvent. The precursor solution can then be used to manufacture a great
variety of different products such as thin films, fibres, fine powders and ceramics depending on different
manufacturing steps, as shown in Figure 7 [16-17].

Figure 7: Sol-gel routes originating from an alkoxide solution leading to different products. Reprinted from [18].

From the starting solution it is possible to produce, e.g., dispersed submicron particles by the formation of
oxo-bridges between the metal-ions in way that results in a sol. Further reactions of the particles dispersed
in the solution yield a network, and when the network is stretched out all over the vessel, a gel is formed.
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Heat-treatment of the gel will eventually result in a metal oxide. The heat-treatment may involve several
steps such as evaporation, decomposition of non-oxide groups, sintering and crystallization of initially
amorphous oxide into the final product.
In the sol-gel synthesis two fundamental kinds of routes are possible: (i) the metal-organic (or organic)
route and (ii) the inorganic route. The metal-organic route gives the best control over the process and is
particularly good when preparing high quality heterometallic oxides. The inorganic route related to ACG
is much cheaper and easier to handle, and is often efficient for preparing highly crystalline oxides of
specific shapes and size at low temperatures, but is very difficult to control for film and fibre structures
and is not useful for heterometallic oxides [16].
2.3.1 The inorganic route
In the inorganic route metal salts such as chlorides, nitrates, sulphates or acetates are dissolved in an
aqueous solution, and at a change of the pH, temperature or concentration, the sol or precipitate is formed.
Depending on the charge of the metal ion and the pH for the solution, different complexes such as aqua,
hydroxo, and oxocomplexes are created:
− (  )  ↔

−  () +   ↔

−

()

+ 2  (Equ. 1)

Here M is a metal, O is oxygen and H is hydrogen.
Figure 8 shows pH versus the metal ion charge (Z) areas typical of aqua, hydroxo and oxo ions. It can be
seen that M-OH2 complexes observed in acidic conditions for low-valence metal cations and M-O
complexes are observed for high-valence metal cations in basic conditions. Between these areas is found
the area of the M-OH complexes. Formation of a sol or precipitate occurs in the M-OH area.

Figure 8: Metal ion charge (Z) vs. pH, where the oxo-, hydroxo- and aqua-ligand regions are shown [19].
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From the sol different condensation reactions will occur. The condensation reactions can be divided in
two sub-categories, such as olation, where hydroxyl bridges are formed, and oxolation where oxo-bridges
are formed [16].
olation:

2

− →

− 2( ) −

oxolation:

2

− →

−

−

(Equ. 2)

+  (Equ. 3)

Olation occurs for large metal ions with low charge. Oxolation occurs very fast if the metal ion is
coordinatively unsaturated [16].
Stable colloidal solutions occur when the pH is close to the point of zero charge, PZT, as described for the
ACG process. At increasing pH, poly-cations are obtained and at low pH, poly-anions are obtained.
The aqua-ligands are good leaving groups and poor nucleophiles, while the oxo-ligand have the opposite
properties, i.e. they have poor leaving groups and good nucleophiles. This means that no condensation
can occur and no stable colloidal solution can be reached.
This synthesis rout is difficult or impossible to control for systems consisting of more than one metal-ion
due to the different properties of the metal-ions leading to different pH ranges for precipitation. Therefore
there will be a preferential precipitation of one metal-ion before the other in a multi-ion system. On the
other hand, the inorganic sol-gel route is a good choice for the monometallic systems when a desired
shape and phase can be produced at a low temperature and with cheap chemicals and equipment [16-17].
2.3.2 The metal-organic route
In the metal-organic route, metal-organic precursors mostly alkoxides, are dissolved in water-free organic
solvents to form a homogeneous solution. An alkoxide is a derivate of an alcohol, and consists of a metal
or a semi-metal (M), an oxygen (O) attached to an alkyl group (R), M-OR. Alkoxides are known for
nearly all metals and semimetals as well as some p-block elements. A drawback when using alkoxides is
that they may be difficult to handle because most of them are extremely sensitive to moisture and
sometimes also to oxygen, which means that an inert atmosphere and dry glassware is necessary.
Furthermore, the starting chemicals for the synthesis and the solvents must be carefully dried [16, 17, 20].
In the metal-organic route, the first step is a hydrolysis step where the alkoxo group is changed for a
hydroxo group while an alcohol molecule is expelled.
−  + 

→

− + 

Hydrolysis

(Equ. 4)
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In the next step, the hydroxyl complexes, M-OH, react with another alkoxide or hydrolysed alkoxide
molecule in one of two different ways, olation or oxolation. Both these reactions are condensation
reactions because metal-oxygen bridges are formed while a small molecule is expelled. The condensation
phase can proceed as long as sufficient water is available to form either a gel or a precipitate [16].
M-OH + M-OHR → M-OH-M + ROH (Equ. 5)
Olation
− +

−  →

− +

− →

− −

−

−

+  (Equ. 6)

+   (Equ. 7)
Oxolation

M-OH + M-OH → M-O-M + H O (Equ. 8)
A gel with specific desired structure and properties can be obtained by control of the hydrolysis and
condensation steps. Two fundamental types of gels can be formed: particulate gels and polymeric gels.
Particulate gels consist of spherical shape particles with dense or highly branched polymers in size around
a few nanometres to micrometres. Polymeric gels on the other hand have a low degree of branching of the
polymer strands [15]. What kind of gel that is formed depends on the relative rates of the hydrolysis and
condensation reactions. If the hydrolysis and condensation reactions occur sequentially, a polymeric gel
is formed. The particular gel is formed when the hydrolysis is slow and the condensation reaction is rapid.
Rapid hydrolysis and condensation reactions give colloidal gels or gelatinous precipitates, and low
reaction rates result in a particle sols being formed [16].
The conversion process from gel to oxide is called syneresis when evaporation of solids occur. A
schematic picture of the syneresis includes shrinking of the solid network when solvent evaporates and
hydroxyl groups get close enough for condensation into oxo-bridges, as illustrated in Figure 9 [16].

Figure 9: Schematic picture of the effect of syneresis [16].
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2.3.3 Alkoxides
Metal alkoxides, M-OR, are excellent as precursors for metal oxides and especially for ceramics where a
high elemental homogeneity is necessary.
The alkoxides are normally polynuclear through sharing of alkoxo groups or oxo-oxygens and can be
classified in two groups: homometallic alkoxides and heterometallic alkoxides. All alkoxides are, with
few exceptions (small p-block: Si, As, P, B, S), very reactive to water. Alkoxides are very useful for
producing hetero-metal oxides with exact composition and ordering of the metals, which is difficult to
achieve with most techniques such as CVD, PVD and electrochemistry.
Homometallic alkoxides can be prepared in many ways, which to a great degree are dependent on the
oxidation number of the metal ion. Heterometallic alkoxides are alkoxides containing two or more
different kinds of metal-ions connected through oxygens of the alkoxo-ligands. They are mostly prepared
through one of two common routes:
i.

Mixing different alkoxides in solution
(

) + !

"(

)# →



"$ (

)

$#

(Equ. 9)

For the same combination of metals and ligands, especially when both of the alkoxides are insoluble and
the reaction is slow, the salt elimination reaction is preferred.
ii.

Mixing a metal chloride with a heterometallic alkoxide containing an alkali metalion.
 %&

+ '(

"$ (

)$# →



" $(

)

 $#

+ (%&()) (Equ. 10)

This reaction is an example of metathesis (ligand double exchange). The use of chlorides may give a
synthetic problem when the chlorides and/or the alkali ions are mixed with the bi-metallic alkoxide.
Sometimes it is difficult to remove all traces of the Cl and/or alkali metalions. To achieve a perfect
stoichiometry it is necessary not to have excess of chlorine or alkali ion in the product [20].
In alkoxides, the metal is highly charged because of the low degree of electron donation from the alkoxooxygen to the metal [16].
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3 Experimental
First, the synthesis of highly crystalline nanowires and rods of ZnO and nanowires of SnO2 was executed
on Si/SiO2 and SnO2:F coated glass substrates. Second, Zn-Sn-oxide with the Zn:Sn (4:1) composition
nano-phase powders and films deposited on Si/SiO2 and SnO2:F coated glass substrates and CIGS
substrates using an all-alkoxide based route were investigated for the first time. In the end of this chapter
will the characterization methods used been present.

3.1 Synthesis of nanowires
The synthesis of nanowires and rods of ZnO and SnO2 followed the work described by Dr. Lionel
Vayssieres (NIMS, Tsukuba, Japan) [13, 21].
This synthesis involved the preparation of a water solution consisting of a metal salt and a pH changer in
form of an acid or a base in an autoclave Pyrex bottle with screw cap. Inside this Pyrex bottle a rigorous
cleaned substrate of Si/SiO2 wafer or a SnO2:F coated glass was placed standing against the wall, see
Figure 10. The Pyrex bottle was then placed in a regular laboratory oven and heated at constant
temperature for different times. The films were thoroughly washed with water after the synthesis.

Figure 10: A schematic picture of the synthesis set up.

SnO2 nanowires
Both the substrates and the Pyrex bottle were cleaned rigorously using the methods in Table 1 prior to
deposition. Typically, the SnO2 nanowires were prepared by firstly dissolving 0.034 g tin tetrachloride
pentahydrate SnCl4*5H2O (Riedel-de Haën) in 95 ml of MilliQ water. Then, 0.920 g urea (NH2)2CO
(Scharlau, reagent grade) was added to the solution and dissolved prior to the addition of 5 ml of
concentrated hydrochloric acid HCl (37 % p.a.). Into the solution the substrate, a Si/SiO2 wafer or a
SnO2:F coated glass was placed standing. Teflon tape was put under the screw cap to get a tightly closed
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bottle before it was put in the oven for 48 hours at 95 °C. After 48 hours the substrate was taken out of the
Pyrex bottle and washed with MilliQ-water [13].
Table 1: Different ways of cleaning substrates and Pyrex bottles.

Method

Cleaning

Used for

A

B

C

NaOH 10min

H2SO4

NaOH 10 min

Ethanol

Ethanol

Ethanol

Acetone

Acetone

Acetone

MilliQ-water

MilliQ-water

MilliQ-water

Pyrex bottle

Pyrex bottle

Si-wafers

D
50:50vol%
H2O:H2SO4
Ethanol
Acetone
MilliQ-water
Si-wafer

E
Dip NaOH
Ethanol
Acetone
MilliQ-water
TCO- wafers

ZnO microrods, nanowires and nanorods
Zinc nitrate hexahydrate, Zn(NO3)2*6H2O (Sigma-Aldrich, ≥ 99.0 %) was dissolved in 100ml of MilliQ
water and then hexamethylenetetramine (CH2)6N4 (≥ 99.5%) was added to the solution. Different zinc
concentrations have been used to fabricate different sizes of the nanowires: microrods (1-2 µm in
diameter from a 0.1 M solution), nanowires (10-20 nm in diameter from a 0.01 M solution) and
nanobands (few nanometer in diameter from a 1 mM solution). The solution was stirred for a couple of
minutes before a cleaned Si/SiO2 substrate was placed in the bottle. Teflon tape was put under the screw
cap to get a tightly closed bottle before it was put in the oven at 95 °C for 5 to 9 hours. Different times
produced different lengths of the nanowires and rods formed for the very diluted solutions. The growth
rate was approximately 1 µm per hour at 95 °C [14]. After the bottle was taken out from the oven, the
substrate was washed with MilliQ water and some samples were heated at 800 °C for 5 minutes [21].

3.2 Synthesis of Zn-Sn-alkoxides
In this work Zn and Sn alkoxides were used as precursors, while usually low-valent 3d-element alkoxides
are insoluble. The simple Zn(OR)2 (R=Me, Et, iPr) alkoxides are all insoluble polymers with low
reactivity. In many cases soluble heterometallic alkoxides can be formed including an alkoxide that is
insoluble when homometallic. Heterometallic alkoxides require a thermodynamic gain for a reaction to
proceed between them. Also, the kinetics needs to be favorable; i.e. two soluble alkoxides normally react
easily, and otherwise often salt elimination as shown below is used [22]:
*

´( ) +

´´%& →

´ ´´  + *%&()) (Equ. 11)
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This reaction of course requires that the products are thermodynamically more stable than the starting
compounds. Unfortunately, Zn(OR)2 alkoxides are normally not forming heterometallic alkoxides. But
with as high ratio of Zn to Sn as 4:1 led us to take a route using alkoxides that are soluble by themselves,
but where the two alkoxides might react to from a heterometallic alkoxide.
The only useful soluble Zn-alkoxide is Zn(moe)2, while many Sn(IV)alkoxides are soluble as they are, as
solvates such as Sn2(OR)8(HOR)2 or as oxo-alkoxides, typically Sn3O(OR)10 [22]. Most of the 3d M(OR)2
alkoxides have to be prepared by a salt elimination route which requires ultradry MCl2 and solvent as well
as purification from the eliminated alkali salt, which can require much time and experimental skill. The
salt elimination route is much more difficult to conduct for the Zn-alkoxides than many other low valent
alkoxides. Since ZnCl2 is known to be highly reactive with alcohol, it may react directly with the alcohol
solvent and produce R-Cl + water, which offsets the stoichiometry and brings water to the solution which
reacts with the formed alkoxide. Another problem is that Zn-alkoxides often form heterometallic
alkoxides with the alkali ion, such as Na2Zn(OEt)4(HOEt)5 [23]. However the very reactive Zn(Et)2 can
be obtained in a highly pure state at a moderate cost since it is an industry product manufactured in large
scale. Mixing of this compound with methoxy-ethanol (moeH) starts a reaction which ends with the
soluble Zn(moe)2 and leaves ethane gas as the product, which is readily evaporated out of the solution. It
has several times been claimed in the literature that the reaction only goes half way, but Westin et al. [24]
found it to go to completion according to the reaction:
,!(-.) + 2/01 → ,!(/01) + 2-. (Equ. 12)
Ligand substitution is dependent on the steric and electronic factors of the alkoxo groups and the metals
charge, size, ligand field stabilization effects and bond directions. It has been found experimentally that
the order of alkoxo ligand stability is: OtBu << OiBu < OnBu < OEt < OMe [25]. Thus smaller ligands
will normally replace bulkier ligands and form more stable alkoxides. Methoxy-ethoxide (moe) ligands
resemble ethoxo-ligands, and also have the possibility for further stabilization through coordination via
the ether oxygen, although this is not happening as often as expected. Addition of donators in the organic
groups further stabilizes, such as for moe.
The synthesis of the zinc tin-alkoxide was performed in a glove-box filled with argon. Diethylzinc, ZnEt2
(1M in toluene, Aldrich, 99.99 +%) and tin tert-butoxide Sn(OtBu)4 (Strem, 99.99 %) were used as
received. The methoxy-ethanol (moeH) and toluene were dried by distillation over CaH2 in N2/Ar
atmosphere. All the glassware were acid, water and finally acetone washed and dried by heating to 150 °C
for at least 1 hour. Other equipments were clean and dry before put in to the glove-box. All volumes are
measured with syringes with volumes of 5 ml or 1 ml during this part.
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Zn-methoxy-ethoxide
The synthesis of zinc methoxy-ethoxide, Zn(moe)2 was made drop-wise and under stirring adding 5.00 ml
of 1 M Zn(Et)2 to 4.5 ml of moeH. A lot of bubbles were produced due to the exothermic reaction where
ethane gas is produced, see Equ. 12. After a few minutes, 0.5 ml of toluene was added, and the reaction
seemed to be finished. In order to ensure that the reaction was completed, the mixture was left standing
over the night. A clear and colorless solution of 0.5 M Zn(moe)2 solution was then obtained.
Sn-methoxy-ethoxide
As Sn(IV) alkoxide precursor, the commercially available Sn(OtBu)4 was selected. However, tertbutoxides are sometimes not the best precursors for film formation, while methoxy-ethoxides are often
the best precursors for film formation. Further, the OtBu ligand is bulky and highly electron-donating
which reduces the chances of it forming a heterometallic alkoxide, which takes place through sharing of
alkoxo-ligand oxygens. Thus the OtBu ligands at Sn(IV) should be easily substituted with moe ligands
which are compatible with the Zn(moe)2.
The tin methoxy-ethoxide, Sn(moe)4 solution was prepared by dissolving 0.51 g Sn(OtBu)4 in 2.3 ml
moeH and 0.2 ml toluene, under stirring. A clear 0.5 M Sn(moe)4 solution was thereby obtained. The
solution was allowed to stand over the night before any films and powders were prepared.
2!( .34)5 + 4/01 → 2!(/01)5 + 4 .34 (Equ. 13)
Zn-Sn-methoxy-ethoxide
When starting with the Zn(moe)2 solution and then adding Sn(OtBu)4, the excess of moeH in the
Zn(moe)2 solution is more than sufficient for a full substitution of the tert-butoxo ligands for methoxyethoxide ligands, and a reaction between Zn and Sn may then occur to form a heterometallic alkoxide.
To obtain a precursor solution of Zn and Sn alkoxide in a 4:1 ratio 0.25 g of Sn(OtBu)4 was added to 4.88
ml of 0.5 M Zn(moe)2 solution while stirring. Then 1.22 ml of a 1:1 (vol:vol) solution of moeH:toluene
was added to yield a 0.5 M (metal concentration) alkoxide solution of Zn and Sn in the 4:1 molar ratio. A
0.25 M solution was also prepared by adding 1:1 (vol:vol) of moeH:toluene to the 0.5M solution. It is not
known if there is a reaction yielding heterometallic alkoxide(s), or if only a mixture or Zn and Sn
alkoxides is obtained.
3.2.1 Preparation of powders and films
Films were prepared form the Zn-Sn-alkoxide solution by two different methods: either by spin-coating in
air, or by flow-coating under humidified Ar atmosphere. In addition, nanosized powders were prepared
form the Zn-Sn-alkoxide solution either in air or in humidified Ar atmosphere. For the air route the
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alkoxide solution was deposited on to a Petri-dish in air, and the humidified Ar atmosphere route by
adding water in a toluene-alcohol solution to an amount of 5H2O/metal in a rigorous sealed flask.
Working in a controlled atmosphere is necessary when absorption of CO2 yielding carbonate must be
avoided. Oxide films or powders may then be manufactured at low temperatures according to the goal set
of making oxide films at very low temperatures. In the Ar atmosphere the hydrolysis and condensation
step takes place before any CO2 comes in contact with the gel or the solution.
Films by spin-coating
For spin-coating, 0.25 M and 0.50 M Zn-Sn-alkoxide solutions were deposited on Si/SiO2, and SnO2:F
glass substrates, while spinning at 3000 rpm for 30 s. When the spinner stopped, the substrate was taken
off the chuck. The hydrolysis started directly when the solution came in contact with air during the spincoating. After ageing for a day, some of the films were heat-treated at different temperatures: 225, 375,
575 and 1000 °C. Spin-coated films of ZnO and SnO2 were prepared in the same way.
Flow coating
Films were also prepared in a protective atmosphere excluding oxygen and carbon dioxide. In this case a
spin-coating was not possible, and instead a flow coating technique was used inside the glove-box. A
substrate was held by a tweezers, then a little of the Zn-Sn-alkoxide solution was added and spread out to
an even liquid film, using the needle of the syringe with which it was added. Then a little more of the
solution was quickly added, before the substrate was turned vertically to let the superfluous liquid drop
off. The obtained liquid film was then allowed to dry in the glove-box. From here some samples were
taken out of the box to hydrolyse in air over the night, and some were placed in an E-flask for hydrolysis
under humid Ar atmosphere.
The hydrolysis under humid Ar atmosphere was performed on Si/SiO2 wafers and oxygen sensitive
CIGS-films by adding a water-drop to the rigorously sealed E-flask with the substrate standing up. When
the hydrolysis was completed, the rigorously sealed bottles were vacuum pumped prior to being taken out
of the glove-box and placed in an oil bath for the heat-treatment step at 150 °C for 10 minutes. The films
looked mainly clear with some waves of white.
But after the hydrolysis and condensation step, when there still are some hydroxyl groups left in the gel,
these hydroxyl groups will react with the CO2 in air and form carbonates predominately at the surfaces,
due to high density of the film. After heating, the hydroxides are condensed to yield oxide and water
which reduces the reactivity to CO2 much, since oxides are less basic and more kinetically hindered as
compared to hydroxides.
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Nanosized powder preparation
The powders were prepared in two different ways; (i) in air or (ii) in humidified Ar atmosphere.
(i) Air-prepared powders were typically made by addition of 0.25 M or 0.50 M Zn-Sn-alkoxide solutions
to Petri-dishes, where the solution was immediately hydrolysed by the air. The visible gelation of the
solution started within seconds, and after a night a dry, white powder was obtained.
(ii) For powder preparation in argon atmosphere the alkoxide solution was added into a round-bottomed
flask which was then sealed with a double butyl rubber septum. Then water corresponding to 5H2O /
metal diluted in isopropanol was added with a syringe, under stirring. After a few minutes of vacuum
pumping of the solvent nearly everything was removed. Then a little more water was added, and the
mixture was allowed to stand overnight. Before the round-bottomed flash was opened a new round with
vacuum pumping was performed.

3.3 Characterization
In order to characterize the structure and contents of the samples, X-ray diffraction (XRD) and scanning
electron microscopy (SEM) were used. Thermogravimetric analysis TGA was used for detecting the
decomposition temperature.
3.3.1 Thermogravimetric analysis (TGA)
Thermal analysis is one of the oldest techniques for testing in chemical science. One of these thermal
analyses is thermogravimetric analysis (TGA) which is based on measuring the weight change versus the
temperature. In TGA, the sample is placed on in cup of inert material (Pt, Al2O3, grafit) which is placed in
a small oven where the temperature and weight are carefully monitored. The result from a TG analysis is
presented in a weight-loss versus temperature graph. From a TG measurement, it is therefore possible to
find out details of the phase development from gel to oxide [26].
The analyses were carried out on equipment from TA Instruments (TGA Q500) in air using a heating rate
of 5 °C min-1 from room temperature to 1000 °C. Based on the graph from the first run of the Zn-Sn-gel,
heating was also executed to; 225, 370 and 575 °C, respectively, to produce powders for analysis with
XRD and IR spectroscopy. TG graphs were made also of the Zn and Sn gels to 1000 °C using the same
parameters as for the Zn-Sn-O-gel, but no intermediate temperatures were selected.
3.3.2 X-ray diffraction (XRD)
To provide information about the crystallographic structure of the materials and phase composition, X-ray
diffraction (XRD) was used. XRD is a non-destructive analytical technique where incedent X-ray beam is
scattered by the crystall material and the scattered beams are then detected and measured as a function of
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the incoming and scattered angle of the X-ray beam. Using Bragg’s law (Equ. 14), the wavelength of the
beam combined with the parameters from the scattered X-rays will give the d-values which is the distance
between the lattice planes. These d-values give the fingerprint of the material obtained in peaks in the
XRD pattern.
!7 = 29:;!< (Equ. 14)
XRD can be used to analyze crystalline materials in powdered or thin film forms, where heavier elements
are easier to identify due to an increased reflected intensity as a result of the more electrons providing
scattering centers [27].
The powders were analyzed with a Siemens D5000 Th-Th X-ray diffractometer, using a CuKα radiation
(λ=1.5418Å). The films were analyzed by a Siemens D5000 using a CuKα radiation (λ=1.5418Å)
glrazing incidence technique (GI-XRD).
3.3.3 Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) was used to study the surface with a resolution down to a few
nanometers. A picture of the surface is generated when the focused electron beam is scanning over the
surface while detecting the emitted electrons from the atoms or the electron-beam reflected back from the
atoms.
The most common imaging modes are the secondary electron images (SEI) and the backscattered electron
images (BEI). The secondary electron image has a higher resolution than the backscattered electron
image, which instead is less sensitive to charging of the surface and provide an elemental contrast image.
The films were analyzed with an SEM of model Leo 1550 operated in SEI mode. The voltage and the
current were optimized for high resolution image.
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4 Results and discussion
4.1 Nanowires
The synthesis conditions employed were very similar to those given in the literature for preparing
nanowire surfaces [13, 20]. However, in spite the close adherence of the synthesis parameters to the
literature, there was in no case a perfect result; the nanowires did not grow evenly over the substrates as
expected. However, a lot of interesting structures were identified, although not the ones desired, as shown
in Figure 11, 12 and 13.
Some of the interesting new structures found are SnO2 flower structures, shown in Figure 11b, and ZnO
with some new surfaces, shown in Figure 12. It is not known precisely why the results are not the ones
expected because of the difficulties in understanding the chemistry and physics of the material and then
converting it into practice. Temperature differences during the synthesis due to evaporation, solid
particles stemming from precipitation, and dust stemming from the metal salt or the base or acid, are
possible explanations to the non-expected results.

Figure 11: SEM pictures of SnO2: a) square nanowires on Si/SiO2; b) flower and balls on Si/SiO2; c) nanowires on a TCOglass, and d) a ball of nanowires.
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4.1.1 Synthesis of microrods, nanowires and nanobands
Nearly all of the ZnO synthesis attempts showed individual hexagonal wire-structures, with variable wire
density. In other cases flat nanobands with 120° angles grew along the substrate surface, i.e. along the aand b-axes instead of the c-axis. One explanation for the obtained structures is that, during the process,
some of the solution evaporated from the bottle and in that way changed the precipitation conditions in
different parts of the thermally heterogeneous solution. Even if the bottles were sealed with Teflon tape,
the Pyrex bottle probably is not adequate as an autoclave. A heterogeneously changed concentration
during the synthesis will change the way the nanowires will grow and how they will nucleate at the
surface.
The flower-like structures of ZnO is a result of a substrate with few nucleation places from which some
nanowires will grow in different directions. This is due to the fact that growth is much easier from an
already existing nucleus because of the lower energy between the surfaces [9]. The importance of the
surface reactivity and the substrate activation can be seen in Figure 11b and 11c, where a denser nanowire
film is formed on SnO2:F glass consisting a rather rough surface on the microscale than on the smooth
Si/SiO2 wafer. The denser nanowire film on SnO2:F glass is a result of a large number of nucleation sites.
It is also easier to activate a SnO2:F glass than a Si/SiO2 wafer due to the oxygen structure at the surface.
The obtained structures have some interesting features that might be useful for application. The flowerlike or sea-urchin type structures of SnO2 have a large surface area, for light adsorption in a wide range of
incidence angles, which together with the highly crystalline structure provide an effective charge collector
and transporter as seen in Figure 11b. With a homogenous spread of the high surface area a potentially
very useful surface of narrow ZnO wires shown in Figure 13b, is formed. Such a surface provides large
surface areas with wires directed in angles from 0 to 90° perpendicularly and 360° horizontally, that
should be good for fast identification of toxic gases, absorbing light from different angles and then
provide a fast transport of the electrons due to highly crystalline wires.
Amongst the ZnO nanowire structures an interesting new structure can be seen at the c-surface of some
wires as shown in Figure 12. The odd c-surface is a jagged surface. The convex c-surfaces found are
however built with normal a-,b- and c-terminated surfaces, but with some imperfect growth. This seems
easier for the larger rod structure. Clear understandings of the new surfaces have not yet been made.
At very low Zn concentrations, growth occurs at the low energy interface with the surface resulting in
flat, narrow nanobands growing with 120° turns, while growth along the c-direction is suppressed. An
example of the nanoband structure is shown in Figure 13d.
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Figure 12: SEM picture of the odd and the convex c-surfaces and to the right schematic pictures of the structures.

Figure 13: SEM pictures of different structures of ZnO obtained with different concentrations of the Zn salt: a)
microrods 0.1 M; b) 0.01 M nanowires; c) 0.01 M nanowires, and d) 1mM nanobands.
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4.2 Zn-Sn-alkoxide route
The formation of heterometallic alkoxides needs soluble alkoxides. The low-valent alkoxides of simple
alkoxo-groups normally being insoluble are thus not suitable. Both Zn(moe)2 and Sn(moe)4 are soluble
alkoxides and therefore it is possible to mix them.
4.2.1 Precursors
The synthesis of the precursors went as expected. The exothermic reaction when Zn(Et)2 reacts with
moeH was obtained with gas bobbles of ethane in the solution. Sn(OtBu)4 was easily dissolute in the
Zn(moe)2 solution. From the theory, is the precursor solution assumed to be as expected and films and
powders could be manufacture.
4.2.2 Oxide films and powders by air hydrolysis
In the first step of the hydrolysis it is conceived that the very reactive alkoxide precipitates a sol of
hydroxide particles, only a few nanometers in size, which rapidly connect to each other to yield a low
density gel. This was obtained in directly after deposition, when a white gel could be seen. Here the zinc
hydroxide is more basic than the tin hydroxide because of the higher electron density at Zn2+ than the
Sn4+, and therefore the zinc hydroxyl groups will bind carbon dioxide from the air and form carbonates to
a higher extent than the tin hydroxyl groups. Generally described as:

( ) + %



→

%

=

+  .

When the hydrolysis steps occur in air, carbonates are expected to form concerted with the hydrolysis in
all wet gel material. A schematic picture of the process is shown in Figure 14. This will happen for both
the films and for the powders hydrolysed in air. The process is over in a fraction of a second when spincoating and in seconds when depositing alkoxide solution in a Petri-dish.

Figure 14: A schematic picture of the hydrolysis in air, where hydrolysis and formation of carbonate by reaction with
hydroxides formed in the hydrolysis and CO2 take place in a concerted way, during a low density stage of the gel-process.
This allows for access of the CO2 to all parts of the gel to form carbonate, before the solvent evaporates and the gel
densifies.
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The TG graph for the air hydrolysed zinc-tin gel powder in Figure 15 shows four discernible steps ending
at around 65, 175, 350 and 560 °C, with a total weight-loss of 26 wt.% at 560 °C.

Figure 15: TG measurement for Zn-Sn-gel powder hydrolysed in air and in controlled atmosphere.

Theoretically is it three different weight loss steps seen in Figure 16. These typically steps weight loss
steps correspond to loss of water and small organic molecules (20-200 °C) and carbon dioxide due to
decomposition of carbonates (250-600 °C). After the last decomposition step ending around 600 °C no
more weight-loss will occur, but instead a transition from amorphous to crystalline oxide takes place
which is visible as an exothermic peak in DSC (differential scanning calorimetry) [17].
But it has been shown for similar carbonate gels in the Zn-Co and the pervoskite systems, using a
combination of TGA, DSC, XRD, IR spectroscopy and TEM analysis, that up to 350 °C water is lost and
from 300 to 700 °C (550 °C for Zn-Co-gels) carbonate is decomposed to yield to oxide [28]. Thus, there is
some overlap of water and carbon dioxide losses. With a total weight-loss of 26 wt.% for the studied
sample, and assuming the water step to end around 350 °C and that the plateau after 560 °C correspond to
4 ZnO and 1 SnO2, the total degradation will correspond to loss of about one CO2 and seven H2O. This
means that the initial gel is an oxo-carbonate gel that also contains OH and H2O groups. A very
approximate fresh gel composition can be described as:
,! (%
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(Equ. 15)

Figure 16: Schematic TG plot for a typical gel-to-oxide conversion in air [16]. The three weight loss steps correspond to
solvent and water, small gaseous organic molecules and the last step correspond to loss of carbon dioxide. At higher
temperatures the amorphous oxide converts to a crystalline oxide.

From the XRD measurements of the powder hydrolysed in air, shown in Figure 17, it can be seen that the
gel is X-ray amorphous showing only very broad humps. The material is still amorphous at 225 and 370
°

C although the main hump had moved to higher 2θ value, corresponding to a smaller distance fitting the

bari-center of the crystalline ZnO and Zn2SnO4 XRD peaks better. At 575 °C many some-what broad
peaks had emerged fitting the two phases ZnO and Zn2SnO4. No sign of SnO2 or other phases were found.
The linewidth is probably due to the very small sizes of the crystallites of the two phases but might to
some extent also stem from strain and varying atomic compositions within the two phases. The first
explanation seems however to be the most plausible.
Further heating to 1000 °C resulted in an XRD pattern fitting better crystallized ZnO and Zn2SnO4 seen in
Figure 18. The relative intensities of the ZnO peaks showed no clear indication of preferential growth
direction which is sometimes occurring for ZnO, and thus roughly spherical particles are expected. The
fact that ZnO and Zn2SnO4 appear immediately when the gel is decomposed indicates a very high
homogeneity of Zn and Sn in the gel. No other phases were found. (The peaks at 16 and 22 2θ are found
in different samples regardless of system, and are believed to stem from analysis equipment).
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Figure 17: XRD analysis for Zn-Sn-gel powder obtained in air; as prepared and after heating to; 225 °C, 370 °C, 575 °C
and 1000 °C. (The peaks at 16 and 22 ° 2θ are not from the sample).

Figure 18: XRD analysis for Zn-Sn-gel powder obtained in air and heated to 1000 °C. The obtained phases of Zn2SnO4
and ZnO, no phases of SnO2 are obtained. (The peaks at 16 and 22 ° 2θ are not from the sample).
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The SEM images of the gel film as obtained by spin-coating in air and after heating in 10 minutes at the
different temperatures are shown in Figure 19.
The gel film shows a surface which has an overall rather even thickness, but in which frequent and evenly
distributed cracks are found. The cracks do not seem to penetrate the depth of the film, but a
nanostructured film is observed at the bottom of the cracks. The main features of this structure also
remain after heating all the way up to 1000 °C. Looking closer at the gel film, a structure built from highly
coalesced nanoparticles is seen, with the particles at the surface being more coalesced than those inside of
the film. The cracking structure indicates that the cracks were formed after the hydrolysis and carbonate
formation during the syneresis, seen schematically in Figure 7. In particular during drying when dangling
–OH bonds find each other in the low density gel and condense forming M-O-M bonds under release of
water. This draws the primary nanoparticles together as seen in the gel surface. When the drying is faster
on the surface and there are fewer surrounding particles causing a resistance to shrinkage at the surface to
the air interface, there will be faster shrinkage and thereby cracking when the bulk of the film cannot
follow. The high reactivity of the film results in the very small primary nanoparticles and low density of
the original gel network in the liquid, which makes shrinkage occur easily.

Figure 19: SEM pictures of Zn-Sn-O films heated to different temperatures, a) room temperature b) 225 °C c) 370 °C d)
575 °C.

29

On heating, the sintering between the more closely coalesced nanoparticles is faster and there is no drive
for healing the cracks. Looking at the final scale one can see that the primary nanoparticles, being only a
few nanometers in size, become less spherical with increased temperature. The oxide film heated up to
1000 °C, shown in Figure 20, is well crystallized in the ZnO and Zn2SnO4 phases, as shown in the XRD
pattern. The crystallites have grown in size from 575 °C as indicated by reduced peak widths. The SEM
image corroborates this picture obtained by XRD, with larger and more angular primary particles being
discerned. It can also be seen that the particle shapes are roughly spherical with the particles in a very
narrow size distribution over the surface, again indicating that they are grown from a highly homogeneous
gel.

Figure 20: SEM picture of Zn4SnO6 film heated to 1000 °C.

This film structure is not the typical desired one, but this kind of film structure may have an advantage in
providing diffuse light-scattering in solar cell application, even if the conductivity is reduced.
To get a smooth and dens film one can use a lower concentration of the alkoxide solution. With
concentration of 0.25 M compared with the 0.50 M a little smoother film is obtained. High alkoxide
concentration will give a thick gel film and the film will therefore shrink irregularly and then be more
difficult to sinter. The irregular shrinking will make the small pores collapse first and form stronger gel
walls and more density sintered islands as shown schematically in Figure 21. The thin, dense layer on top
of the gel will then give slower reaction when H2O has to pass the solid layer and there is not enough
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alkoxide to fill the liquid with solid material. The thick films will therefore have a more porous internal
structure compared to thin films where the alkoxide concentration of the deposition solution is low and
that will give a denser and smoother surface of the film.

Figure 21: Schematic picture of the shrinking of the gel film during spin coating.

4.2.3 Oxides films and oxide powder hydrolysed in humid Ar atmosphere, and heated under humid
Ar atmosphere or in air
Deposition under humid Ar atmosphere
Deposition under humid Ar atmosphere but with the heat-treatment in normal air means that there were
reactive basic hydroxyl groups left in the powder and on contact with the air they react with CO2 and
form carbonates throughout the gel powder.
The TG graph in Figure 15 shows a decomposition pattern that is similar to those obtained in air. It is
seen that the last carbonate step at around 550 °C is even larger compared with the air hydrolysed sample.
This means that the overall degradation corresponds to loss of about four CO3 and eight H2O per formula
unit and a very approximate fresh gel composition completely carbonated can be described as:
4,!%
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It is clear that one may avoid hydroxide groups in the gel powder by heat-treating before any contact with
air containing carbon dioxide.
The weight-losses at temperatures over 550 °C in the TG curve are not corresponding to decomposition of
carbonates. An explanation to these weight-losses can be derived from that fact that the powder obtained
at 1000 °C was light brown, while the ZnO and Zn2SnO4 are white as the powder obtained in air at 1000
°

C. Then one explanation could be that SnO2 is reduced to SnO, due to some carbon left in the sample.

SnO has a melting point at 1080 °C [29] and lowers its melting point then it is not completely pure. The
XRD pattern in Figure 18 shows no reduced phases such as SnO. But the presence of reducing groups
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cannot be ruled out however, since small amounts of SnO might be amorphous, reoxidize during cooling
or evaporate. The carbon should then stem from residual alkoxo-groups or alcohols such as tert-butanol in
the gel that is decomposed at higher temperatures producing carbonate groups and carbon, if locked in the
oxide. This might then explain the large carbonate step in this sample. Other explanations to the weightlosses at temperatures over 550 °C could be impurities. No repetitions was done do not enough material.
Deposition and heat-treatment under humid Ar atmosphere
The film hydrolysed in humidified Ar atmosphere was also heat-treated in that atmosphere by having the
film in a sealed E-flask placed in an oil bath at 150 °C in 10 minutes. The SEM picture shows a smooth
and dense surface as seen in Figure 22, but two types of defects are also visible: (i) pinholes through the
film seen as black spots of up to around 200 nm size and (ii) ring structures up to around 1 µm in size.
The pinholes are probably formed due to shrinking of the film during hydrolysis and condensation. The
shape indicates that the film is still somewhat plastic during this event. The bright rings are probably due
to collapsed bubbles formed when gases are formed within the gel film, but with a rather dense surface
that not allow the gases to escape as fast as they are formed within the film. Also in this case is a viscous
gel film is expected. It should be possible to get a smooth surface and avoid holes by adding several thin
layers instead of one thick layer.

Figure 22: SEM picture of a Zn-Sn-oxide film deposited, hydrolysed and heat-treated in Ar atmosphere showing pinholes
and collapsed bubbles.
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5 Summary and conclusion
During this work two different solution based synthesis methods have been used for the manufacture of
highly crystalline nanowires and highly homogeneous heterometallic oxide films.
The first method was used for fabrication of highly crystalline rods and nanowires based on the solutions
concentration and pH. These conditions determined the interfacial tension, and with a low tension, oxide
materials can grow in a structure dependent of the crystal structure of the material. The difficulties in
having the right condition for growth were not found in this work although the experiments where made
several times. Even if the result was not as expected, some really interesting new structures with new
surfaces have been obtained such as flower-like structures, nanowires in a wide range of angles, and a
jagged surface, never seen before. Because no even films of highly crystalline nanowires were obtained,
no deposition of nanoparticles has been done to increase surface area even more.
The second solution-based method was a sol-gel organic route with the use of alkoxides, metal combined
with an alcohol derivate, as precursors for making highly homogeneous heterometallic oxide material
with a specific composition consisting of 80 mol% zinc and 20 mol% tin. This material has shown in
previous studies with ALD to have a good effect in CIGS solar cells as absorption layer.
Although there are some more optimizations to do, the alkoxide based methods for deposition of TCO
thin film for solar cell manufacturing seems promising. A very high homogeneity of the components is
obtained and the bi-phasic oxide emerges at 575 °C in a well mixed homogenous blend.
Alkoxides are very sensitive to moisture and therefore a glove-box has been used in these synthesises.
From previous work it has been shown that zinc metohoxy-ethoxide, Zn(moe)2, is the only soluble
alkoxide of Zn. This alkoxide were synthesized from the low cost diethyl-zinc by mixing it with methoxyethanol, moeH. Due to the high ratio between Zn and Sn, the Sn(OtBu)4 was added to the Zn-alkoxide
solution. As a result of the overflow of moeH, the ligands in Sn(OtBu)4 are exchanged to moe. When
adding this to soluble alkoxides, they react with each other and form the heterometallic alkoxide
consisting of 80 mol% Zn and 20 mol% Sn used for thin film deposition and powder manufacture.
Films and powders have been prepared either in humidified Ar atmosphere with dip-coating or in air with
spin-coating and have been characterized by TGA, SEM and XRD. From the characterization the powder
has been carbonated, both the one from controlled atmosphere hydrolysis and the one from air hydrolysis.
The controlled atmosphere hydrolysed powder was expected not to be carbonated. But it was not heated
before contacting the air, and therefore -OH was still in the gel, and made it basic and when contacting
the air, it reacts with the acidic CO2. From the SEM analysis of the film deposited under protective

33

atmosphere, some pin holes and collapsed bubbles are shown which could be avoided by having a spinner
inside the glove-box. But due to very little space in the used glove-box, there was no opportunity for it.
This work has shown that a solution based method for manufacturing of cheap absorption layer to CIGS
solar cells for commercial use is promising. Only cheap and commercially available start materials and
low temperatures are needed at the same time as a very homogeneity material of Zn and Sn oxide is
obtained.
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6 Future prospects
In the future there is a lot of interesting work to do on the Zn-Sn-oxide and also on the nanowires.
To see whether highly structured nanowires can be synthesized, a real autoclave bottle ought to be used.
Another interesting work would be to cover the nanowires with nanoparticles to increase the surface area
and get a material of high crystalinity that also has a very large surface area for detection of gases or
absorption of light
For a more complete picture of the Zn-Sn-oxide synthesis it is necessary to make some more analyses
especially some IR measurements to discover exactly what each step in the TG graph results from. To
avoid carbonate formation, heating of the powder to yield Zn-Sn-oxide before contact with air would be
of interest to try. Improvement of this synthesis step by either using mixing of alkoxide solutions or salt
elimination would be of interest to try. It might increase the purity and homogeneous of the heterometallic
oxide. And off curse is it necessary to find the concentration of the solution which gives the best thin film.
More work with the CIGS solar cells are of course of interest for the future due to the cheaper processing
than the presently used ALD.
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